Abstract-A novel basis function, called as the Modified Phase Extracted (MPE) basis function, has been proposed to analyze threedimensional scattering problems for electrically large, thin dielectriccoated targets. The MPE basis function, which can be defined on large (e.g., a wavelength or more) curvilinear geometrical elements, is developed for quadrilateral cells. Consequently, combining with the thin dielectric sheet (TDS) approximation, the MPE basis function solves the scattering problem accurately with fewer unknowns than the solutions based on the conventional basis functions. In order to improve the accuracy of the solution solving the problem which has thicker dielectric coatings, some modifications about the TDS approximation model are made. Numerical examples demonstrate that the validity of the proposed approach in solving the scattering from electrically large, thin coated objects.
INTRODUCTION
The efficient simulation of electromagnetic scattering from electrically large, coated targets has practical value for the engineering application, such as the analysis of scattering from antennas with dielectric radomes, radar stealth and anti-stealth. Because of the coupling relationship between the conductor and the dielectric, there are numerous computational complexities and memory requirement in the calculation. Various numerical methods, such as the Volume Integral Equations (VIEs) [1] , the Surface Integral Equations (SIEs) [2, 3] , and the Impedance Boundary Condition (IBC) [4] , have been developed to treat this kind of problem.
Considering the electromagnetic boundary conditions and the equivalence principle, the integral equation method is a strict numerical solution.
Located in the volume, the equivalent currents are considered as the unknowns in the VIEs. Such a method is not applicable for an electrically large scatterer due to a great many unknowns. Different from the VIEs, the unknown currents are distributed on the surface of the object in the SIEs, but there is poor convergence efficiency analyzing the dielectric-coated targets [5] . Another commonly used method, the IBC is known as an efficient technology in solving electromagnetic scattering problems involving coated bodies. Unfortunately, the specific criteria limit the range of the IBC validity. The impedance must be approximated assuming that the object is locally flat, or measured by experiments. These constraints lead to complicated integral operators and some errors which cannot be ignored.
In this case, the TDS [6] [7] [8] approximation is presented. As a powerful progress in the computational electromagnetics (CEM), the TDS approximation is a reliable method in the analysis of thin dielectric-coated scatters. When the thickness of the dielectric is thin enough compared with the dielectric wavelength or the skin depth, the scattering problem can be dealt with the TDS efficiently. Moreover, it is easy to accomplish numerical simulations about the locally coated object. The TDS approximation simplifies the scattering model to a great extent. Based on the approximate model, unfortunately, the TDS is not suitable for the object with thicker dielectric coatings. Furthermore, it is still time-consuming due to a great number of unknowns, especially for the electrically large objects.
To improve the computational efficiency, the development of new basis functions with few unknowns is an alternative method. The traditional lower order basis functions defined on the triangular or quadrilateral elements, such as the Rao-Wilton-Glisson (RWG), Rooftop basis functions, need about 150 unknowns per wavelength squared for metallic surfaces. For the higher order hierarchical basis functions, there are only about 30 unknowns per wavelength squared for the same object [9] . Nevertheless, even for the well-designed current expansions, the number of unknowns for electrically large structures can be so large that the memory consumption will be too huge.
By containing propagating wave phase dependence, the phase extracted (PE) basis function [10] can be defined on curvilinear triangular patches with electrical size much larger than the other traditional bases for closed metallic scatters. As we know, there are not only traveling waves but also standing wave components in the currents over the surface. Unlike the scatterer which has a simple shape, the induced current changes rapidly on the surface of the complex object. When the current varies rapidly, the standing wave component cannot be ignored. Following this direction, the MPE basis function is presented. The new basis function is applicable to scattering problems not only the convex objects but also the concave objects which have strong mutual couplings. By using MPE basis functions, even without the Multilevel Fast Multipole Methods (MLFMA) [11] , integral equations would be solved with the MoM efficiently. And the number of unknowns, memory usage, and computational time can be reduced significantly compared with traditional basis functions. However, the MPE basis function is only used to solve scattering from the perfect electric conductor (PEC) before. This is the first time to introduce the MPE basis function in the analysis of the dielectriccoated targets.
The emphasis of this paper is to analyze the electrically large, thin dielectric-coated scatters with the approach based on the combination of MPE basis functions and the TDS approximation. Also, a further research on the analysis of thicker dielectric coatings is studied. In order to solve the scattering from objects with thicker dielectric coatings, the modified TDS approximation is presented. The approximation error caused by the conversion from the VIE to the SIE, mainly reflects on the application of Green's functions. Thus, several modifications on the Green's function are made. Compared with the traditional TDS, the modified solution proposed in the paper improves the accuracy of the scattering problem for thicker dielectriccoated objects without increasing unknowns. This paper is organized as follows. Firstly, the construction of the MPE basis function is reviewed and the associated current distribution over the surface is discussed in Section 2. Section 3 presents the application of the MPE basis function in scattering from thin dielectriccoated objects based on combing with the TDS approximation. It also involves a consideration of the expansion order adapted to the electrical size of the patch for a coated spherical scatterer. Three numerical comparisons with existing solutions are shown to demonstrate the good accuracy. In Section 4, some modifications about the TDS approximation are made. The scattering calculation for a thicker coated sphere shows the validity of the modification. Finally, the conclusion of the work is given in Section 5.
THE MPE BASIS FUNCTION
For the hierarchical basis function, the basis of order M is a subset of the basis of order M + 1, which causes different expansion orders on different patches with the same mesh. Therefore, arbitrary hierarchical basis includes the lower order basis, e.g., RWG or Roof-top, as the lowest order member of the basis. Based on the characteristic, hierarchical bases have the advantages of both lower order and higher order bases in a single basis function.
Considering the hierarchical feature, the improvement of PE basis functions becomes possible. By using the PE basis function as the lowest order one of the higher order hierarchical basis function which is defined on quadrilateral patches, the MPE basis function has been obtained. The higher order hierarchical Legendre basis functions [12, 13] maintain their oscillating capability by showing the standing wave distribution in their definition domains. PE basis functions gain their capability through describing the traveling wave phase dependence of the induced current. As a result, the new basis function has both the ability to describe the traveling wave and standing wave components.
Formulation of the MPE Basis Function
Consider a curved quadrilateral patch with the associated parametric curvilinear coordinate system defined by −1 ≤ u, v ≤ 1. Consequently, the induced current on the surface is expanded as follows:
where u = . By interchanging u and v, the v-directed current can be derived because of the understanding above. The udirected current is expanded as
where b u mn is the unknown coefficient, J (u, v) = |u × v| is the surface Jacobian factor.P m (u) and P n (v) are the expansion polynomials. P n (v) is the Legendre polynomial
that satisfies the orthogonality relation.
where δ ij is the Kronecker delta function. And the modified Legendre polynomialP
has the propertyP m (±1) = 0, m ≥ 2. M u and N v are the expansion orders along the direction of the current flows and along the transverse direction respectively.C m and C n are the scaling factors. To avoid the disadvantage that scaling all the functions to the maximum value of 1 doesn't perform well, the modified scaling factors are defined as
Thus, the u-directed current expansion is
Similar to the hierarchical basis function, the functions in the first part of (2) have a linear variation in the u-direction and are not zero at u = 1 or u = −1. As a result of ensuring the normal current continuity across the v-directed edges, these functions can be called as edge functions. On the neighboring elements, the edge function matches with each other.
The functions in the second part of (2) are zero at the edges of the patches (u = ±1). All of them are defined on a single patch. At the same time, they don't contribute to the normal continuity of the current. They display the M th order polynomial variations in the u-direction while M ≥ 2. This part is usually referred as the patch function.
Due to the relationship with the direction of the incident wave, MPE basis functions are not suitable for incident direction scanning and the problem with multiple excitations.
Current Accuracy
MPE basis functions can be divided into two parts: the edge functions and the patch functions. Due to extracting the traveling wave phase property, the edge functions are expressed as the multiplication of two factors: the amplitude factor and the phase factor. They represent the traveling wave property of the currents, and the patch functions show the standing wave terms. Such a rigorous current expansion has described the induced current distribution accurately.
There is an example of a metallic sphere at the frequency f = 600 MHz. The radius is 2λ 0 (λ 0 is the wavelength in free space). It is placed at the origin of a rectangular xyz -coordinate system and illuminated by an x-polarized plane wave propagating in the zdirection. The induced currents on the surface obtained with MPE basis functions are compared with the results obtained with Roof-top basis functions. For MPE basis functions, the patch size is λ 0 , and the corresponding expansion order is 2. The patch size is decreased to 1/8λ 0 while Roof-top basis functions are employed. Figure 1 and Figure 2 have shown the current distribution over the sphere. The results have a good agreement except the back scattering point. The differences may be caused by the coarse mesh. There are insufficient basis functions to model the current on a patch which is too large.
COMBINED WITH THE TDS FOR SOLVING THE THIN DIELECTRIC-COATED TARGETS
With the development of radar stealth and anti-stealth, the researches on the dielectric-coated metallic targets become more and more important. The dielectrics include both the electric media and the magnetic one. Sometimes, the thickness of the dielectric coating is quite small (e.g., τ 0.1λ, λ is the dielectric wavelength). For the situation, a lot of simplification can be done easily. The IBC has provided good numerical results while it has an ineluctable error and a great many physical restrictions to the practical applications. As an alternative, the TDS approximation combines with the explicit PEC boundary conditions can solve the scattering problems efficiently and accurately. It removes the need to solve the field in the dielectric coating.
The Solution Combining with the TDS and MPE Basis Functions
For a dielectric-coated PEC system, the electric field can be described as follows:
The subscript "tan" stands for taking the tangential component of the vector. The scattering fields include the contributions from both metal components and dielectric components. The scattering fields from the PEC surface are given as
And the fields from the dielectric are shown as
J V /M V is the polarization volume electric/magnetic current density in the volume V . AndḠ(r, r ) is the dyadic Green function defined as
g(r, r ) is the scalar Green's function in free space which is defined by g(r, r ) = e ik 0 |r−r | 4π|r−r | . Following the equations below, and making some approximations, the final simplified integral Equation (19) can be obtained. Time dependence e −iwt is assumed.
where
The fields are continuous across the PEC surface and almost no variation. Therefore, the approximations D t (r ) ≈ 0, B n (r ) ≈ 0 are introduced in the whole coating layer.
Then the scattering field from the dielectric is approximated by
where τ represents the thickness of the dielectric, g τ (r, r ) = g(r, r +τn ), and J S is the induced current density on the PEC surface. By combining (9) with (10), (11), the incident electric field can be written as
For the locally coated scatters, τ and χ are zero on the area where does not have the dielectric coating. Formula (20) is the electric field integral equation (EFIE). Besides, the magnetic field integral equation (MFIE) is defined aŝ
Finally, the combined field integral equation (CFIE) is defined by
α is the combine coefficient and η is the wave impedance in free space. Thus, J S can be expanded by using the MPE basis function
where j i (r) is the basis function, and the divergence of j i (r) can be expressed as For a coated sphere, the average patch size and the corresponding expansion order are listed in Table 1 . The expansion order for MPE and higher order hierarchical Legendre basis functions are displayed together. From the table, the distinction between the MPE basis function and the higher order hierarchical Legendre basis function are clear. The expansion order of the MPE basis function is lower than that of the higher order hierarchical basis function for the same patches. Particularly, the advantage is more obvious for the larger patches.
When applied to an object that has a complex structure, the expansion order must be increased properly. The order shown in Table 1 would not be enough to model the edge current in the complex configuration.
Numerical Results
The examples shown below are analyzed by the computer which has 8 processors. In addition, all the MPE results shown are obtained with 2 order basis functions.
Firstly, scattering by a PEC sphere of radius R = 3 m coated with a dielectric material of thickness 5 mm is considered. The frequency is set to 1 GHz (λ 0 = 0. Secondly, the scattering by a missile-like object locally coated with absorbing materials [14] is presented. The model is shown in Figure 4 . The frequency is 20 GHz. The major axis of the target is about 52.5λ 0 (λ 0 = 15 mm). Only the front end of the object is coated with dielectric (ε r = (29.78, −2.31), µ r = (1.87, −1.96) ). The coating thickness is 0.1 mm. The surface of the object is modeled with 10178 curvilinear quadrilateral patches. The bi-static RCS is computed for an incident wave in the ϕ = 0 • plane as a function of θ. The EFIE is employed.
The results of MPE basis function combing with the TDS are indicated by the solid curve, whereas the results of RWG basis function combing with the IBC are shown by the curve (' '). There are good agreements between the two results. Another result is revealed for the RWG basis function combing with the TDS (the dot line). Note that the MPE results compare well with the RWG results. The errors in Figure 5 can be eliminated with a much finer discretization in the edge of the tail. As defined in the large patches which need a great deal integral points, most of the time is consumed in filling the impedance matrix. For the RWG basis function, a same number of unknowns would be required using the TDS solution and the IBC solution. As seen in Table 2 , the MPE results that require 81416 unknowns compare well with that of the RWG results which require 1819035 unknowns. The savings in the number of unknowns are very significant. At last, a locally coated s-shaped cavity of 2 GHz is analyzed. The configuration used in this section is shown in Figure 6 . The length, width and height are 32λ 0 , 3.7λ 0 , 5λ 0 (λ 0 = 0.15 m) respectively. The thickness of the metal area is about 0.35λ 0 . The inner surface of the model is coated with the absorbing materials, which have the dielectric parameters ε r = (18.06, −1.06), µ r = (4.07, −1.97). And the dielectric thickness is 1.0 mm. The cavity is illuminated by an H-Polarized plane wave from the direction specified by (90 • , 0 • ). 4427 curvilinear patches are used to represent the whole surface totally. The bi-static RCS in the θ = 90 • plane is studied. And the EFIE is used. Figure 7 , the results compare well with each other. The reduction of the unknowns by using MPE basis functions is remarkable. The number of unknowns is reduced by 93.7% compared with that of the RWG results.
MODIFIED TDS FOR SOLVING THE COATED TARGETS
Considering the characteristic that the field varies slowly in each dielectric layer, the surface integral is used to instead of the volume integral in Formula (19). During the procedure, Green's functions are the kernel of the integral. As the function of the position coordinate, the values of Green's functions change quickly, particularly when the distance between the field point and the source point is very short. The error is introduced while the surface integral is used approximately. Therefore, the accuracy of the TDS approximation is highly dependent on the application of Green functions.
Generally, the dielectric thickness adapted to the traditional TDS approximation is much less than 0.1λ. When the material is a little thicker, but is still thin enough compared with the dielectric wavelength, the approximation errors introduced in the application of the Green's function should not be neglected. The Green's function should be chosen to be more closely within the material region.
Aimed to improve the calculation precision when the dielectric coating is thicker, the dielectric layers can be considered as the sum of 3 or more layers. For the material of the layers are the same one, the tangential components of the electromagnetic fields still are zero at the interface. For example, the dielectric domain V can be divided into 3 parts averagely: V 1 , V 2 , V 3 . The geometric model is shown in Figure 8 .
The Modified TDS
Then the Equation (11) can be rewritten as
Thus, the scattering field from the dielectric is approximated by
where τ i and χ i represent the thickness and χ of the ith layer respectively, and J S is the induced current density. In this paper, τ 1 , τ 2 , and τ 3 are all equal to one third of the thickness of the whole dielectric coatings (
The incident electric field can be rewritten as
The incident magnetic field is defined aŝ
Formulas (27) and (28) are the EFIE and MFIE respectively. With the Galerkin's testing employed for the Equations (27) and (28), the MoM matrix is obtained.
Numerical Results
When the dielectric is thicker, such as 0.2λ (λ is the dielectric wavelength), the problem would not be analyzed exactly by using the traditional TDS approximation. Nevertheless, the modified TDS Figure 9 and Figure 10 . CG iteration and the CFIE are used.
In the figures above, results are present for different cases. Case 1: the RCS result (the solid curve) solved with the solution in Section 3 is displayed in Figure 9 ; Case 2: the RCS result (the solid one) obtained with the modified solution is shown in Figure 10 . As seen, the results of the second case agree with the Mie series results very well. However, the errors between the results of the two solutions are obvious in Figure 9 . Without increasing the number of unknowns and memory requirement, the more accurate results can be obtained with the modified solution proposed in this section. The validity of the modified solution is demonstrated.
CONCLUSION
A new set of basis function called as the MPE basis function is considered, and also the expressions of MPE basis functions for combining with the TDS approximation are given. The new basis functions have the ability to describe the standing wave and travelling wave properties at the same time. This allows the basis function can be defined on large patches. For electrically large scattering problems, the approach proposed in this paper reduces the number of unknowns compared with the traditional method. The validity, accuracy and efficiency of the new approach have been demonstrated with several examples. In addition, some modifications based on the TDS approximation are proposed to solve the scatters which have thicker dielectric coatings (e.g., 0.2λ). There is also an example to confirm the validity of the modified solution. As a consequence, an electrically large dielectric-coated problem can be solved efficiently. It is shown by the numerical results that the calculation capability of MoM is improved with fewer unknowns. Combining with the fast algorithm, the approach can be used to analyze the electrically large targets rapidly and accurately.
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